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Neurotensin receptors have been studied as molecular targets for the treatment of pain,
schizophrenia, addiction, or cancer. Neurotensin (NT) and Contulakin-G, a glycopeptide
isolated from a predatory cone snail Conus geographus, share a sequence similarity at
the C-terminus, which is critical for activation of neurotensin receptors. Both peptides
are potent analgesics, although afﬁnity and agonist potency of Contulakin-G toward
neurotensin receptors are signiﬁcantly lower, as compared to those for NT. In this
work, we show that the weaker agonist properties of Contulakin-G result in inducing
signiﬁcantly less desensitization of neurotensin receptors and preserving their cell-surface
density. Structure-activity relationship (SAR) studies suggested that both glycosylation and
charged amino acid residues in Contulakin-G or NT played important roles in desensitizing
neurotensin receptors. Computational modeling studies of human neurotensin receptor
NTS1 and Contulakin-G conﬁrmed the role of glycosylation in weakening interactions with
the receptors. Based on available SAR data, we designed, synthesized, and characterized
an analog of Contulakin-G in which the glycosylated amino acid residue, Gal-GalNAc-
Thr10, was replaced by memantine-Glu10 residue. This analog exhibited comparable
agonist potency and weaker desensitization properties as compared to that of Contulakin-
G, while producing analgesia in the animal model of acute pain following systemic
administration. We discuss our study in the context of feasibility and safety of developing
NT therapeutic agents with improved penetration across the blood-brain barrier. Our
work supports engineering peptide-based agonists with diverse abilities to desensitize
G-protein coupled receptors and further emphasizes opportunities for conotoxins as novel
pharmacological tools and drug candidates.
Keywords: Conus peptides, conotoxin, neuropeptides, neurotensin, neurotensin receptors, GPCRs, receptor
internalization, pain
INTRODUCTION
Contulakin-G was discovered over 15 years ago as a member
of the neurotensin (NT) family from the venom of preda-
tory marine snail, Conus geographus (Figure 1A; Craig et al.,
1999). Contulakin-G is a 16 amino acid peptide with two post-
translational modiﬁcations: pyroglutamate (Z) at the N-terminus,
and β-D-Gal-(1→3)-α-D-GalNAc-(1→) disaccharide attached to
Thr10 (Figure 1B). Contulakin-Gexhibitedpotent analgesic activ-
ity in three pain models in rats following intrathecal delivery,
namely in tail-ﬂick (acute pain), formalin test, and CFA-induced
allodynia inﬂammatory pain (Craig et al., 2002; Han et al., 2008).
Both NT and Contulakin-G exhibited comparable potencies in a
rat formalin assay (ED50 for Contulakin-G was 0.07 nmol (Allen
et al., 2007),while ED50 forNTwas 0.11 nmol (Roussy et al., 2008).
In mice, the analgesic potency of Contulakin-G (ED50 = 1 pmol)
was 600 times higher than that of NT in the formalin assay
following intrathecal administration (Craig et al., 2002; Han et al.,
2008). Contulakin-G (coded asCGX-1160)was granted anorphan
drug designation by the US Food and DrugAdministration (FDA)
and reached a clinical development stage for the treatment of
chronic intractable pain following intrathecal administration in
patientswith spinal cord injury (BusinessWire,August 30th 2005).
The C-terminal sequence of Contulakin-G shares a similarity
with an endogenous NT found in vertebrate animals (Figure 1B).
NT is a 13 amino acid neuropeptide involved in a variety of
central and peripheral neuromodulatory effects (Nemeroff et al.,
1992; Vincent et al., 1999; Dobner, 2005; Boules et al., 2006).
Pleiotropic properties of NT are supported by its involvement
in Parkinson’s disease, nociception, cancer, blood pressure, glu-
cose control, autism spectrum disorders, appetite, and feeding
(Mazella et al., 2012; Boules et al., 2013, 2014; Kleczkowska and
Lipkowski, 2013). NT also plays a role in the pathophysiology of
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FIGURE 1 | (A) A shell of predatory marine snail Conus geographus from
which Contulakin-G was originally isolated. (B) Comparison of Contulakin-G
with neurotensin derived from various vertebrate animals. The peptides
share a similarity in the C-terminal part of the sequence which is critical for
interactions with neurotensin receptors.
mental diseases (Boules et al., 2013, 2014). Metabolically stable
NT analogs that penetrate the blood-brain-barrier (BBB) could
be used for the treatment of pain, schizophrenia, or substance
abuse (Boules et al., 2006; Dobner, 2006). Several NT analogs
exhibit potent antinociceptive activities (al-Rodhan et al., 1991;
Gui et al., 2004; Dobner, 2006), whereas our group showed that
glycosylated or lipidated NT analogs also exhibit potent anticon-
vulsant activities (Lee et al., 2009; Green et al., 2010). Branched
NT analogs have anticancer (Falciani et al., 2010, 2013a,b) and
anti-apoptotic activities (Devader et al., 2013). Recent advances in
developing new agonists for NT receptors include NTS-1 selective
small-molecules (Peddibhotla et al., 2013; Di Fruscia et al., 2014;
Hershberger et al., 2014) and NTS2-selective mimetics (Einsiedel
et al., 2011; Held et al., 2013). Pleiotropic nature of NT includes
promoting progression of certain types of cancer (Wu et al., 2013),
providing new challenges and opportunities for preclinical and
clinical development of NT-based analogs. Taken together, NT
analogs are pharmacological tools and potential therapeutic agents
for a variety of medical conditions which involve neurotensin
receptors.
Contulakin-G was previously shown to be an agonist for all
three subtypes of neurotensin receptors, NTS1, NTS2, and NTS3
with submicromolar potency (Craig et al., 1999). By measuring
phosphoinositide accumulation in CHO cells expressing hNTS1,
Craig et al. (1999) determined the agonist potency of Contulakin-
G and NT as 0.96 μM and 1.4 nM, respectively. We hypothesized
that the weaker-agonist property of Contulakin-G can result in
decreased neurotensin receptor desensitization, hence improving
its analgesic properties due to preserving the target receptor occu-
pancy. Desensitization of neurotensin receptors was extensively
studied in various cells (Souaze et al., 1997, 2006; Vandenbul-
cke et al., 2000; Souaze, 2001; Mazella and Vincent, 2006; Souaze
and Forgez, 2006), while the weaker-agonist phenomenon was
previously described for various GPCRs (Clark et al., 1999). To
test this hypothesis, we studied structure-agonist relationships for
Contulakin-G and NT using endogenously expressed NT recep-
tors in human colonic adenocarcinoma HT-29 cells (Amar et al.,
1986; Turner et al., 1990). Here we report that: (1) Contulakin-G
is a weaker agonist exhibiting signiﬁcantly lower desensitization
potency, as compared to that of NT, and (2) both glycosylation
and charged amino acid residues contribute to desensitization
properties of Contulakin-G and NT, and (3) SAR results support
engineering neuropeptide-based agonists with diverse agonist and
desensitization potencies. Our work provides a basis for engineer-
ing novel pharmacological tools for neurotensin receptors with
varying desensitization properties.
MATERIALS AND METHODS
GENERAL SYNTHETIC PROCEDURES
Fmoc-amino acids were purchased from Chem–impex Inter-
national Inc. Reagents, chemicals, and memantine HCl, were
obtained from Aldrich Chemical Corporation and used with-
out further puriﬁcation. Fmoc-Leu-Wang resin (0.57 meq/g)
was obtained from Peptide International Inc. Fmoc-Thr(α-TF-
Ac6)-OH was obtained from Sussex Research Laboratories Inc.
Peptides were synthesized automatically on Symphony Pep-
tide Synthesizer (Protein technology Inc) or Apex 396 Peptide
Synthesizer (AAPPTec Inc). Fmoc-protected amino acids (ﬁve-
fold) were coupled automatically onto Fmoc-Leu-Wang resin
by PyBop method (Fmoc-amino acid/PyBop/DIPEA, 1:0.98:2,
molar ratio). Manual coupling reactions were performed under
N2 atmosphere, unless otherwise indicated. Peptide puriﬁca-
tion was carried out using a semi-preparative diphenyl column
(Vydac, 219TP101522) or a semi-preparative C18 column (Vydac,
218TP510) on a Waters 600 pump system equipped with a Waters
2487 dual wavelength detector (λ1 = 220 nm, λ2 = 280 nm).
The purities of peptides were determined on a Vydac diphenyl
column (218TP54) in Waters Alliance 2695 system unless indi-
cated otherwise. The HPLC mobile phases were: buffer A, water
(0.1% TFA), and buffer B, 90% acetonitrile in water (0.1%
TFA). Peptides were quantiﬁed on a Cary 50 Bio UV-visible
spectrophotometer. Peptide metabolic stability was monitored
using YMC ODS-A S-5 120 Å column (AA12S052503WT) and
Waters Alliance 2695 system. Metabolic stability assays were per-
formed using an Eppendorf thermomixer. Peptide identities were
veriﬁed by MALDI-TOF MS at the University of Utah Core
Facility.
CHEMICAL SYNTHESIS OF CONTULAKIN-G
Chemical syntheses of Contulakin-G and its glycosylated analogs
were previously published (Craig et al., 1999; Westerlind and
Norberg, 2006). Contulakin-G was synthesized on an Apex 396
automatedpeptide synthesizer (AAPPTec) on30μmol scale apply-
ing standard solid-phase Fmoc (9-ﬂuorenylmethyloxycarbonyl)
protocols. The peptide was constructed on a preloaded
Fmoc-L-Leu-Wang resin. 10-fold excess of amino acids were
used. Coupling activation was achieved with 1 equivalent
of 0.4 M benzotriazol-1-yl-oxytripyrrolidinophosphonium hex-
aﬂuorophosphate (PyBOP) and 2 equivalents of 2 M N,N-
diisopropylethyl amine (DIPEA) in N-methyl-2-pyrrolidone
(NMP) as the solvent. Each coupling reaction was conducted
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for 60 min. Fmoc deprotection was carried out for 20 min
with 20%piperidine in dimethylformamide (DMF). Fmoc-Thr(α-
TF-Ac6)-OH (1.25-fold) was manually coupled on the resin for
2 h. After assembling all the amino acids, Contulakin-G was
removed from the resin by a 3.5 h treatment with 0.5 mL
of Reagent K (TFA/water/phenol/thioanisole/1,2-ethanedithiol
82.5/5/5/5/2.5 by volume) and subsequently ﬁltered and precip-
itated with 10 mL of cold methyl-tert-butyl ether (MTBE). The
crude peptide was then collected by centrifugation at 7,000 × g for
4 min and washed once with 10 mL of cold MTBE. The washed
peptide pellet was dissolved in 10% acetonitrile in 0.1% TFA in
water and puriﬁed by reversed-phase (RP) HPLC using a semi-
preparative C18 Vydac column (218TP510, 250 mm × 10 mm,
5-μm particle size) eluted with a linear gradient ranging from 15
to 55% of solvent B, at a ﬂow rate 4 ml/min. The eluent was mon-
itored by measuring absorbance at 220 nm. Purity of the peptide
was assessed by an analytical C18 Vydac reversed-phase HPLC
(218TP54, 250 mm × 4.6 mm, 5 μm particle size) using a lin-
ear gradient ranging from 5 to 65% of solvent B in 30 min with
a ﬂow rate 1 ml/min. In the next step, deacetylation reaction of
Thr(α-TF-Ac6) was performed with 50 mM of sodium methoxide
in methanol for 2.5 h, at RT. The progress of deacetylation was
monitored by RP-HPLC. The peptide was puriﬁed again using the
same method as described above. Molecular mass of Contulakin-
G was conﬁrmed by MALDI-TOF mass spectrometry. Final yield
was 3.5%.
SYNTHESIS OF CONTULAKIN-G-MEMANTINE
Fmoc-protected amino acids (ﬁvefold) were coupled automati-
cally onto Fmoc-L-Leu-Wang resin (0.57 meq, 50 μmol scale)
by PyBop method (Fmoc-amino acid/PyBop/DIPEA, 1:0.98:2,
molar ratio) on Symphony Peptide Synthesizer. Fmoc-Glu(OAll)-
OH was assembled at the10th position. After coupling all the
amino acids, the resin was treated with HOAc (0.25 mL),
N-methylmorpholine (0.125 mL), and CH2Cl2 (5 mL), and
Pd0(PPh3)4 (0.32 g, 0.277 mmol) under Nitrogen protection for
2 h to remove the allyl protecting group of Glu10. The resin was
washed with CH2Cl2 and neutralized with DIPEA. Excess Palla-
dium residues were removed after treating the resin with 0.02 M
sodium diethyldithiocarbamate in DMF solution. The resin was
washed again with DMF and CH2Cl2. The acid group of Glu10
was activated with one-fold of PyBOP (26 mg, 50 μmol, HOBt
(6.75 mg, 50 μmol) and DIPEA (26 μL, 150 μmol) for 5 min,
followed by the addition of memantine hydrochloride (10.8 mg,
50 μmol), and shaken for 24 h. The peptide was cleaved from the
resinwith Reagent K andwas precipitated out of MTBE. The crude
peptidewas puriﬁedwith semi-preparativeHPLC (Vydac diphenyl
column, 219TP101522). The buffer A and the buffer B were used
to produce a linear gradient from 5 to 50% of buffer B over 50 min
with a ﬂow rate of 10 mL/min. The elution was monitored by UV
detection at 220 nm. Puriﬁed analogs were quantiﬁed by mea-
suring UV absorbance at 274.6 nm (molar absorbance coefﬁcient
ε = 1420.2 cm−1M−1). Peptide puriﬁcation was monitored using
an Alliance HPLC system with a linear gradient from 5 to 95%
buffer B over 30 min. The purity of the ﬁnal product was >95%. A
scheme for the chemical synthesis is provided in the Supplemental
Material (Figure S1). Final yield was 20%.
CALCIUM ACTIVATION ASSAY
HT-29 cells were seeded into black-sided, clear bottom, cell-
culture treated 96-well plates for each assay. The cells were seeded
at 45,000–50,000 cells per well and grown overnight until 95%
conﬂuent. The growth media consisted of DMEM supplemented
with 10% FBS, 4 mM L-glutamine, and 20 mM HEPES. The
cells were loaded with 1 μM of Fluo-4-NW (Life Technologies,
Grand Island, NY, USA) and incubated in the dark at room
temperature for an hour. Then, the cells were exposed to the
Contulakin-G analogs (10 μM–10 pM), and the ﬂuorescence was
measured as Arbitrary Fluorescence Units (AFU) by the scanning
microplate ﬂuorometer Flexstation (Molecular Devices, Sunny-
vale, CA,USA). Results were expressed as a percentage of the 1 μM
peak response. Fluorescence data from quadruplicate experiments
were analyzed using Graphpad Prism 3.0, and EC50 values were
calculated.
DESENSITIZATION OF NEUROTENSIN RECEPTOR ACTIVATION
Desensitization of the NTR-mediated functional response (cal-
cium mobilization) following exposure to Contulakin-G and NT
was evaluated in HT-29. The cells were exposed to Contulakin-G
or NT for 10 min (10 μM–100 pM).After exposure to Contulakin-
G or NT, cells were washed with PBS and incubated in growth
media for 15 min in the absence of peptide. The cells were loaded
with the calcium sensitive dye Fluo-4-NW (Life Technologies,
Grand Island,NY,USA) and incubated in the dark at room temper-
ature for an hour. During the calcium mobilization assay, the cells
were re-exposed to the same peptide (at 1 μM only) and increased
ﬂuorescence was detected using the scanning microplate ﬂuorom-
eter Flexstation (Molecular Devices, Sunnyvale, CA, USA). DC50
values for desensitization calculated from quadruplicate exper-
iments using Graphpad Prism 3.0. Results were expressed as a
percentage of the 1 μM peak response in the control cells (not
previously exposed to any peptide).
DETERMINATION OF CELL SURFACE DENSITY OF NTR
To measure the recovery of cell-surface receptors upon the acti-
vation, binding assay was employed using Europium-labeled
NT (Eu-NT) as a ligand (PerkinElmer, Waltham, MA, USA).
The higher ﬂuorescence signal would imply more NTR on the
cell surface. The HT-29 cells were exposed to the agonists
for 10 min. At the indicated time point, cells were washed
with media and the binding assay was performed in quadru-
plicate. Eu-NT and ligands were diluted in binding buffer
(50 mM Tris-HCl pH 7.5, 5 mM MgCl2, 25 mM EDTA, 0.2%
BSA). Samples were incubated at room temperature for 90 min
in a total volume of 200 μL. Following incubation, samples
were washed four times with wash buffer (50 mM Tris-HCl
pH 7.5, 5 mM MgCl2). Enhancement solution (200 μL) was
added, and the plates were incubated at room temperature for
30 min. The plates were read on a Wallace VICTOR3 instru-
ment using the standard Eu-TRF measurement (λex = 340 nm,
400 μs decay, and λem = 615 nm for 400 μs). Competi-
tion curves were analyzed from quadruplicate experiments with
GraphPad Prism using the sigmoidal concentration–response
(variable slope) classical equation for non-linear regression
analysis.
www.frontiersin.org February 2015 | Volume 6 | Article 11 | 3
Lee et al. Contulakin-G is analgesic targeting neurotensin receptors
TAIL FLICK TEST
Pain sensitivity in the tail ﬂick assay was measured using a radiant
heat beam focused on the animal’s tail while it was on an auto-
mated Plantar/Tail Analgesic Meter, Series 8 (Model 336TG; IITC,
Woodland Hills, CA, USA). The latency, in seconds, to the tail
ﬂick response was recorded as a measure of the acute thermal pain
threshold. The test substance was administered intraperitoneally
(i.p.,), at a volume of 0.1 ml/10g body weight using a 1 mL syringe
with a 26G3/8bevel needle. Immediately before the test, themouse
was habituated to the plexiglass restraining tube with its tail pro-
truding for 2–3 min before the test. Tails were stimulated at ∼3 cm
from tip. For the tail ﬂick test, once the power source was man-
ually triggered, a radiant heat beam of light was applied to the
tail and the latency of the mouse to remove its tail from the heat
source was automatically recorded at the moment the tail ﬂick
breaks the beam of light. The latency was analyzed for each mouse
tested and average latency to tail withdrawal ±SEM. determined
for each group. These values were compared statistically by Stu-
dent’s t-test (two groups) or by one-way ANOVA (three or more
groups) and considered signiﬁcantly different if the p-value was
less than 0.05. An animal receiving the requisite volume of vehicle
was alternated with each mouse given the test drug (n = 8 per
group). All animals were allowed free access to both food (Prolab
RMH 3000) and water except when they were removed from their
cages for the experimental procedure. All mice were housed, fed,
and handled in a manner consistent with the recommendations
in the National Research Council Publication, “Guide for the Care
and Use of Laboratory Animals.”
HOT PLATE TEST
Mice were brought to the testing room and allowed to acclima-
tize for 10 min before the test begins. Pain reﬂexes in response to a
thermal stimulusweremeasured using aHot PlateAnalgesiaMeter
from IITC Instruments (IITC,WoodlandHills, CA,USA). The sur-
face of the hot plate was heated to a constant temperature of 55◦C,
as measured by a built-in digital thermometer with an accuracy
of 0.1◦C. Mice were placed on the hot plate (25.4 cm × 25.4 cm),
whichwas surrounded by a clear acrylic cage (19 cm tall, open top),
and the Start/Stop button on the timer was activated. The latency
to the hindlimb response was measured to the nearest 0.1 s by
manually stopping the timer when the response was observed. The
mouse was immediately removed from the hot plate and returned
to its home cage. Animals were tested one at a time and were not
habituated to the apparatus prior to testing. Each animalwas tested
only once. The latency to response for each mouse was recorded
and the average latency to hind paw response ±SEM. determined
for each group. These values were compared statistically by Stu-
dent’s t-test (two groups) or by one-way ANOVA (three or more
groups) and considered signiﬁcantly different if the p-value was
less than 0.05. An animal receiving the requisite volume of vehicle
were alternated with each mouse given the test drug (n = 8 per
group).
COMPUTATIONAL MODELING AND ANALYSIS
Homology model of human NTS1 receptor was built using
knowledge-based method. The crystal structure of NTR1 from
Rattus norvegicus [PDB entry 4GRV (White et al., 2012)] was
selected as template (with 89% sequence identity) and homology-
modeling exercisewas performedusing the Primemodule (version
3.1) of Schrödinger Suite (Schrödinger, 2012). The built model
was reﬁned using molecular mechanics based energy minimiza-
tion and molecular dynamics simulation was performed for
further structural analysis and characterization. Due to the high
homology of the NTR1 and NTS1 at the binding site (94%
sequence identity) and the constrained peptide-binding channel,
coordinates of the contulakin-G peptide (SNATKKPYIL) were
initialized using the coordinates from the NT crystal structure
[PDB entry 4BUO (Egloff et al., 2014)]. Only the C-terminal
residues (RRPYIL) of the NT crystal structure were used for ini-
tialization with the Arg residues were substituted for Lys and the
rest of the peptide (N-terminal) was constructed using xLEaP
module of Amber package (Case et al., 2012). The generated
model peptide was minimized in vacuum without altering the
rest of the system. To understand the effect of glycosylation (β-D-
Gal(1→3)-αD-GalNAc-(1→)) of theContulakin-Gon binding to
NT receptor, two systems were created with (a) glycosylated and
(b) de-glycosylated Contulakin-G. The disaccharide moiety was
attached to the Thr10 position of Contulakin-G and geometry
optimized using the online carbohydrate builder web-server for
Amber-Glycam force ﬁeld (http://www.glycam.com). Both sys-
tems were solvated using a pre-equilibrated box of TIP3P water
model (Jorgensen et al., 1983) maintaining a minimum distance
of 15 Å between any protein atom and the edge of the box. The
ﬁnal orthorhombic box contained a total of 54,596, or 54,617
atoms for the de-glycosylated or glycosylated system, respec-
tively. To neutralize the system, ten Cl- ions were added to the
simulation box, with parameters compatible with the AMBER
force ﬁeld and the TIP3P water model (Joung and Cheatham,
2008).
Molecular dynamics (MD) simulation was performed using
the GPU version of the AMBER12 simulation package (Case and
Kollman, 2012; Gotz et al., 2012). During the initial stage, the sol-
vent atoms around the protein were relaxed by minimizing the
system using 1000 steps of steepest descent algorithm. The protein
heavy atoms were restrained during the minimization step with a
harmonic potential of 100 kcal/mols/Å2. Following minimization,
both systems were heated in the NVT ensemble from 150 to 300 K
in 50 ps using time-steps of 1 fs. The protein backbone atoms were
restrained using 1 kcal/mol/Å2 force constant during the heating
step and velocities were randomly initialized from a Maxwell–
Boltzmann distribution at 150 K. In all cases, bonds involving
hydrogen atoms were restrained using the SHAKE algorithm with
a geometric tolerance of 0.0001 Å (Miyamoto and Kollman, 1992).
Periodic boundary conditionswere imposed and the ParticleMesh
Ewald (Darden et al., 1993) summation was used to approximate
the electrostatic interactions (real-space non-bonded interaction
truncated at 8.0 Å). During the initial 5 ns equilibration phase,
simulations were performed in the NpT ensemble with a 2 fs time
step andusing a reference temperature of 300K controlled through
a Langevin thermostat (2.0 ps−1 collision frequency; Pastor et al.,
1988) The system pressure was maintained around 1 atm using
an isotropic weak-coupling algorithm (Berensen et al., 1984; 5 ps
relaxation time). Both deglycosylated and glycosylated systems
were simulated for 30 ns and snapshots were saved every 10 ps
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for analysis. Conformations from last 20 ns of the simulation
were used for estimating the binding free energy using MM/PBSA
(Molecular mechanics/Poisson–Boltmann Surface area) approach
using the single trajectory method (Massova and Kollman, 2000;
Miller et al., 2012).
RESULTS
AGONIST PROPERTIES OF CONTULAKIN-G AND NT
To compare agonist activities of Contulakin-G and NT, we mea-
sured intracellular calcium mobilization in human colorectal
cancer cell line HT-29, which is known to express high lev-
els of NTS1. After incubation of the cells with Fluo-4-NW, the
ﬂuorescence emission due to intracellular calcium mobilization
elicited by exposure to the peptide agonists was determined.
The dose-response experiments for Contulakin-G and NT are
shown in Figure 2A, yielding EC50 = 32.4 ± 14.5 nM and
EC50 = 0.8 ± 1.0 nM, respectively. These results conﬁrmed pre-
vious ﬁndings that Contulakin-G was a weaker agonist for the
neurotensin receptors, as compared to that of NT (Craig et al.,
1999).
Next, we tested the hypothesis that weak agonist properties of
Contulakin-G would result in inducing less desensitization of the
target receptors, as compared to that of NT. To compare desen-
sitization properties of Contulakin-G and NT, we developed an
assay in which the cells were exposed to a 10 min pre-treatment
with varying concentrations of the agonist, followed by the wash
step. Then, the washed cells were treated with a pulse of agonist,
followed by measuring the intracellular calcium mobilization. The
concentration-response curves and the scheme summarizing the
desensitization experiments are shown in Figures 2B,C, respec-
tively. Contulakin-G (DC50 = 444.0 ± 40.8 nM) was 120-times
less potent than NT (DC50 = 3.7 ± 1.9 nM) in the desensitization
assay (Table 1). To further investigate differences in the desensiti-
zation of neurotensin receptors upon exposure toContulakin-Gor
NT, we determined the availability of the cell surface neurotensin
receptors. The experimental design (Figure 3A) was similar to
that of the desensitization assay (10 min exposure to the agonist,
followed by agonist washout), however, we employed the receptor-
binding assay at various time points post-exposure, instead of
measuring the intracellular calcium mobilization. As shown in
Figure 3B, signiﬁcantly higher levels of the cell-surface neu-
rotensin receptors were observed when the cells were exposed to
100 nM Contulakin-G, as compared to the same concentration of
NT. At either higher or lower concentrations of both agonists, the
differences in changes of the surface-bound receptors were smaller
(Figure 3C). Our ﬁndings suggested that the weaker agonist prop-
erties of Contulakin-G resulted in less ability to desensitize the
receptors by preserving their cell-surface density.
STRUCTURAL DETERMINANTS OF DESENSITIZATION PROPERTIES OF
CONTULAKIN-G AND NT
Previous work showed that the removal of the glycosylated
residue from Contulakin-G, [Thr10]Contulakin-G, resulted in 16
to 25-fold increase in the binding afﬁnity to NTS1, while con-
currently improving the agonist potency of the deglycosylated
analog (Craig et al., 1999). As summarized in Figure 1, the pres-
ence of the glycoamino acid and the extended N-terminus are
FIGURE 2 | Comparing agonist properties of NT and Contulakin-G.
(A) Concentration-dependent changes of the intracellular calcium in HT-29
cells that express high levels of NTS1. The potency values EC50 were
32.4 ± 14.5 nM and 0.8 ± 1.0 nM for Contulakin-G and NT, respectively.
RFU stands for Relative Fluorescence Units, expressed as a percentage of
the 1 μM peak response. The baseline was similar for both NT and
Contulakin-G. (B) Representative dose-response curves in the
desensitization assay. Contulakin-G (DC50 = 444.0 ± 40.8 nM) was
120-times less potent than NT (DC50 = 3.7 ± 1.9 nM) in desensitizing
neurotensin receptors. The results were expressed as a percentage of the
1 μM peak response in the control cells (not previously exposed to the
agonist). (C) Schematic representation of the desensitization assay.
the two most apparent structural differences between Contulakin-
G and NT. In addition, an alignment of NT sequences pointed
to the conserved Lys6 residue, which was absent in Contulakin-
G. Our structure-desensitization relationship study (summarized
in Table 1) employed several NT analogs with replacements of
the positively charged residues, as well as several Contulakin-G
analogs varying in the length of the N-terminus, or having various
non-natural amino acid residues at position 10. The SAR results
for NT suggested that removing the negatively charged residue
in position 4, did not affect its agonist potency, but decreased
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Table 1 |The structure-desensitization relationships for NT and Contulakin-G in activating the neurotensin receptors.
Name EC50 [nM] DC50 [nM] DC50/EC50 Sequence
Neurotensin
NT 0.8 ± 1.0 3.7 ± 1.9 4.6 ZLYENKPRRPYIL
[K8, K9] NT 20.2 ± 5.2 67.0 ± 18.1 3.3 ZLYENKPKKPYIL
[A4] NT 0.6 ± 0.1 11.7 ± 1.4 20 ZLYANKPRRPYIL
[K4] NT 1.4 ± 0.1 30.5 ± 6.2 22 ZLYKNKPRRPYIL
[E6] NT 4.7 ± 1.4 57.5 ± 5.9 12 ZLYENEPRRPYIL
Contulakin-G
Contulakin-G 32.4 ± 14.5 444 ± 41 14 ZSEEGGSNAT(g)KKPYIL
[T10] Contulakin-G 1.1 ± 0.7 144 ± 17 131 ZSEEGGSNATKKPYIL
[des GGS] Contulakin-G 15.0 ± 4.1 329 ± 49 22 ZSEENATKKPYIL
[Ahp5] Contulakin-G 4.2 ± 3.0 706 ± 160 168 ZSEE(Ahp)SNATKKPYIL
palmitoyl-Contulakin-G 46.0 ± 8.3 4.2 ± 0.8 0.1 ZSEEGGSNKK(p)KKPYIL
memantine-Contulakin-G 43.2 ± 13.1 1506 ± 517 35 ZSEEGGSNKE(m)KKPYIL
JMV-449 1.1 ± 0.2 11.8 ± 2.0 11 K(ψCH2NH)KPYIL
g, glycosyl; p, paltimoyl; m, memantine; Ahp, aminoheptanoic acid; ψCH2NH, pseudo peptide bond.
its desensitization potency by approximately ﬁvefold. The Glu-
replacement of the conserved Lys6 decreased the agonist potency
(sixfold) whereas its desensitization properties (deﬁned as a ratio
DC50/EC50) increased only twofold, as compared to that for NT.
The double replacement of the conservedArg residues affected the
agonist potency, but not desensitization properties of the NT ana-
log. These data suggested a role of electrostatics in determining
the receptor-agonist interactions.
Our SAR studies for Contulakin-G conﬁrmed the impor-
tance of the glycoamino acid in determining interactions with
neurotensin receptors (Table 1). The deglycosylated analog of
Contulakin-G, [T10]Contulakin-G, exhibited comparable agonist
potency to NT, whereas had strikingly different desensitization
properties. This uncoupling of the agonist and the desensitiza-
tion properties was further emphasized in the analog in which
the Gal-GalNAc-Thr10 was replaced with a lipoamino acid.
The Contulakin-G analog containing palmitoyl-Lys10 residue,
palmitoyl-Contulakin-G, had comparable agonist potency to that
of the glycosylated analog, however, its desensitization potency
was different by two orders of magnitude. Shortening the
length of Contulakin-G to that of NT (13-AA) by a central
removal of three neutral residues, Gly5-Gly6-Ser7, in the analog
[desGGS]Contulakin-G, did not signiﬁcantly change its agonist
properties. This was further conﬁrmed by replacing the Gly5-
Gly6-Ser7 fragmentwith a backbone spacer, amino-heptanoic acid
[Ahp5]Contulakin-G.
STRUCTURAL ANALYSIS OF BINDING OF CONTULAKIN G PEPTIDE AND
NTS1 RECEPTOR USING COMPUTATIONAL MODELING
To better understand a role of glycosylation on decreasing the
potency of Contulakin-G, MD simulations were performed on
the glycosylated and de-glycosylated Contulakin-G interacting
with human NTS1 receptor. Due to the unavailability of the
human neurotensin crystal structure, the receptor was built
using homology-modeling exercise [Prime module, Schrodinger
Suite (Schrödinger, 2012)]. Macromolecular docking of pep-
tides and protein are often limited due to inherent challenges
in enumerating the degrees of freedom for the ligand and in
addition to presence of non-standard post-translational modiﬁca-
tion. Introduction of post-translational modiﬁcation of substrate
might also induce conformational changes in protein receptor
that are best represented using explicit solvent MD simulation
(Moreira et al., 2010).
The integrity of the system was veriﬁed using the root mean
square deviation (Figure S2) from the reference structure and
it was clear that deglycosylated system showed lesser deviations
compared to glycosylated system. In principal, the main devia-
tions were observed at the N-terminal region of the peptide and
its surrounding residues. Based on the 30 ns of explicit solvent
MD simulation, it was evident that in both cases, the C-terminal
six residues (KKPYIL) interacted with the NTS1 receptor iden-
tically (see Figure 4A). The C-terminal of the deglycosylated
peptide made favorable interactions via salt bridge formation
between carboxyl moiety of the peptide and the two-arginine
residues (Arg94 and Arg241) of the receptor. These arginine
residues are internally stabilized by cation-pi interactions pro-
vided by neighboring Tyr145 residue. This formation of salt
bridge between the peptide and receptor deﬁned the anchor-
ing point for the C-terminal peptide and positioned Lys12 of
the deglycosylated peptide to form hydrogen bond with Glu332.
In addition to this; the N-terminal residues of deglycosylated
peptide (SNAT) formed various hydrogen bond with the extra-
cellular loop residues (Ser213–Asp215) and Ala48–Glu58 during
the course of the simulation. Although, both peptides exhibited
very similar interactions at the C-terminal region, glycosylation
of Thr10 residue altered the conformation of the rest of the
peptide signiﬁcantly as compared to deglycosylated peptide. The
key interaction between Lys12-Glu332 is lost due to restructur-
ing of the N-terminal region and the backbone-hydrogen bond
network between the extracellular loop and the N-terminal region
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FIGURE 3 | Effects of Contulakin-G and NT on cell-surface neurotensin
receptors. (A) Schematic representation of the experiment measuring
surface-bound neurotensin receptors upon exposure to the agonist. HT-29
cells were exposed to 100 nM of agonist for 10 min. Then, at the indicated
time, cells were washed, and the binding assay was performed using
Eu-NT as a ligand. (B)The time-dependence of the surface-bound
neurotensin receptors upon exposure to the agonist. The higher
ﬂuorescence shows more NTR is available on the cell surface. AFU stands
for Arbitrary Fluorescence Unit determined by the ﬂuorescence microplate
reader. (C)The NTR density on cell surface upon the agonists exposure at
various agonist concentrations.
is disrupted due to the presence of bulky glycosyl modiﬁcation.
Also, the glycosyl moiety is positioned close to the extracellular
loop (Ser213–Asp215) is presentedwith various unfavorable inter-
actions comparatively. Based on the electrostatic surface mapping
using Poisson–Boltzmann software, the glycosylated moiety was
seen anchored close to the negatively charged region (Asp215,
Glu53, and backbone carbonyl group of the extracellular loop
Ser213–Asp215) of the NTS1, and in turn restrained due to
electrostatic repulsion (Figure 4B).
In the absence of direct comparison between experiment and
computational approach, qualitative trend was assessed using
estimation of binding free energy using simulation. To further
gain insight into molecular interactions of Contulakin-G, free
energy of binding (ΔG)was estimated usingMM-PBSA approach.
Using conformations from MD simulation, ΔG for both systems
were calculated. The de-glycosylated and glycosylated analogs of
FIGURE 4 | Neurotensin receptor interacting with Contulakin-G.
(A) A snapshot from MD simulation of Contulakin-G interacting with NTR1
receptor, both glycosylated (red) and non-glycosylated peptides (yellow) are
shown using van derWaals model with Cα atoms only, while NTR1
receptor (gray) is depicted using cartoon representation. In both cases, the
glycosylating residue (Thr10) residue is colored green and the glycosyl
moiety is shown using licorice model. (B)Top view of the binding site, with
NT receptor colored using electrostatic potential (positively charged as
blue, negatively charged as red using APBS software). The disaccharide
moiety of Contulakin-G atoms are shown using licorice model while the
peptide is shown using Cα atoms only (white). The rest of the peptide
buried inside is not visible due to surface masking.
Contulakin-G interacted with NTS1 receptor with ΔG of –90.00
and –57.68 kcal/mol, respectively (Table 2). Computational anal-
ysis predicted that the de-glycosylated peptide interacted with
NTS1 with a much higher afﬁnity compared to the glycosylated
Contulakin-G. Analysis of the energetic components contributing
toward the free energy revealed that the van der Waals and non-
polar solvation energies were similar in both systems. However,
the electrostatic and polar solvation energies differed signiﬁcantly
(Table 2), therefore pointing that the presence of the disaccharide
moiety may confer electrostatic repulsion with the NTS1, in-line
with the decreased agonist potency observed in the experiments
with the glycosylated Contulakin-G.
CONVERTING CONTULAKIN-G INTO A PERIPHERALLY ACTIVE
ANALGESIC WITH NON-DESENSITIZING PROPERTIES
Contulakin-G is a very potent analgesic in the formalin assay fol-
lowing direct administration into the CNS (Allen et al., 2007).
Previous studies showed the analgesic efﬁcacy of Contulakin-G
in the tail ﬂick latency test (Wagstaff et al., 2000), similarly to
other NT analogs (Boules et al., 2006). Contulakin-G and NT
are not systemically active analgesics, likely due to poor pene-
tration across the BBB and/or high susceptibility to proteolytic
degradation. Our studies to compare proteolytic degradation of
Contulakin-G and NT in brain homogenates or serum (Supple-
mentalMaterial) conﬁrmed previous ﬁndings that the glycoamino
acid protected Contulakin-G from degradation (Wagstaff et al.,
2000). Due to its polar character, the glycosylation could also
contribute to a limited penetration of Contulakin-G across the
BBB and a lack of systemic activity as an analgesic, given that the
antinociceptive activity of NT analogs is mediated by neurotensin
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Table 2 | Binding free energies from MM-PBSA calculation.
Energies (kcal/mol)
De-glycosylated Glycosylated
ΔE (vdw) –85.98 –87.02
ΔE (Elec) –441.07 –360.58
ΔE (Polar Solv) 446.32 400.34
ΔE (Non-polar Solv) –9.28 –10.41
ΔG (Total) –90.00 –57.68
Conformations from MD ensemble were used for free energy calculation.
receptors located in the CNS (Dobner, 2006; Boules et al., 2013;
Kleczkowska and Lipkowski, 2013). We hypothesized that replac-
ing a glycoamino acid residue in Contulakin-G with a non-natural
and more hydrophobic residue would retain its weaker-agonist
and desensitization properties while improving its systemic
activity.
To test our hypothesis, we designed and synthesized a
novel Contulakin-G analog, memantine-Contulakin-G contain-
ing memantine coupled to Glu10 (Figure 5A). Memantine is a
non-competitive N-methyl-D-aspartate (NMDA) receptor par-
tial antagonist, and it was selected due to its hydrophobic
nature and relatively small size, favoring the BBB penetration.
The chemical synthesis of this analog is summarized in Sup-
plemental Information and described in Methods. The agonist
potency of memantine-Contulakin-G was comparable with that
of Contulakin-G, however, its desensitization properties were
approximately threefold weaker, yielding an analog with a 35-
fold separation of the agonist and desensitization potencies (as
deﬁned by DC50/EC50; Table 1). Both peptides were tested in
analgesic tests in mice, the hot plate and the tail ﬂick assays
at a single dose 4 mg/kg. As shown in Figure 5B, and sum-
marized in Table 3, memantine-Contulakin-G was active in
the tail ﬂick assay, however, its analgesic activity in the hot
plate assay was unclear due to the activity of memantine-alone,
as a control. Memantine-Contulakin-G, at doses 8–20 mg/kg,
i.p., was also active in suppressing seizures in the 6 Hz
(32 mA) mouse model of epilepsy while showing no rotorod
FIGURE 5 |The structure (A) and the analgesic activity of
memantine-Contulakin-G analog following an intraperitoneal
administration of 4 mg/kg bolus dose (B).Tail ﬂick latency was measured
at 15 min and 30 min time points following administration of the analog.
Table 3 | Comparing analgesic activities of Contulakin-G analogs
containing either a disaccharide or memantine in position 10.
Tail flick latency Hot plate
Contulakin-G 4.06 ± 0.37 4.94 ± 0.79
Memantine-Contulakin 11.59 ± 3.54** 8.09 ± 1.06*
Memantine 4.836 ± 0.264 7.9 ± 0.49*
Saline 4.68 ± 0.42 5.412 ± 1.9
The analogs were administered i.p., at a dose 4 mg/kg.
*p < 0.05, **p < 0.01.
toxicity (unpublished data), further conﬁrming its improved CNS
bioavailability.
DISCUSSION
Contulakin-G is a marine natural product which targets neu-
rotensin receptors and exhibits potent analgesic activities. This
peptide reached clinical testing for the treatment of neuropathic
pain in spinal cord injury patients, thus becoming one of several
conotoxin-based therapeutic agents with the Investigational New
Drug (IND) status. Several key characteristics of Contulakin-G
are: (1) it is a very potent analgesic compound following intrathe-
cal delivery in animal models of pain (Wagstaff et al., 2000; Allen
et al., 2007; Han et al., 2008), (2) its analgesic activity is mediated
by neurotensin receptor (BusinessWire, 27 September 2005), (3) it
is aweaker thanNTagonistwith the decreased ability to desensitize
neurotensin receptors (Craig et al., 1999, and this work). Unlike
all previously characterized analgesic conotoxins, Contulakin-G
has no disulﬁde bridges, making this linear peptide susceptible
to rapid proteolytic degradation. Previous studies (Wagstaff et al.,
2000) and our current work showed that Contulakin-G maintains
high resistance to proteolysis in both serum and brain homogenate
media (Figure S3). Pharmacokinetic studies of Contulakin-G con-
ﬁrmed signiﬁcant concentrations of the peptide several hours after
bolus injections (Kern et al., 2007). One conclusion from this
study is that Contulakin-G is a potent in vivo analgesic by being
a metabolically stable and long-lasting agonist which induces less
desensitization of target neurotensin receptors.
One translational aspect of developing Contulakin-G as NT-
based analgesics is its lack of efﬁcient penetration across the
BBB (Wagstaff et al., 2000; Allen et al., 2007). This fact raises a
more general question about preclinical and clinical development
efforts of NT-based agonists for CNS indications. There are sev-
eral BBB-penetrant NT analogs which exhibit analgesic activities
following systemic administration, for example NT69L (Boules
et al., 2006), ANG2002 (Demeule et al., 2014), or polyamine-NT
(Zhang et al., 2009). BBB-penetrant and NTS1-selective agonist,
PD149163 (Wustrow et al., 1995), was developed by Pﬁzer and
is active in drug self-administration test (Hanson et al., 2013)
and in cognitive performance test (Keiser et al., 2014). Another
example of BBB-penetrant NT analog is the anticonvulsant NT-
BBB-1, which was active in a pharmacoresistant model of epilepsy
(Green et al., 2010). Thus, from a translational perspective, sys-
temically active NT analogs which exert CNS effects seem more
attractive as drug leads, as compared to that of Contulakin-
G, which requires intrathecal delivery. In our current study, we
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provided a proof-of-concept example of designing Contulakin-G
analog (memantine-Contulakin-G) which maintains weak ago-
nist and desensitization properties while producing analgesia
in the tail ﬂick assay following systemic administration. Our
structure-desensitization relationship data (Table 1) open new
strategies for designing NT-analogs which can penetrate the BBB
and exhibit diverse abilities to desensitize neurotensin recep-
tors. However, systemic administration of the BBB-permeable NT
analogs to target the CNS has to overcome the safety challenges,
given a role of NT in promoting cancer progression (Dupouy
et al., 2009; Alifano et al., 2010; Wu et al., 2013; Younes et al.,
2014; Zhang et al., 2014). Possible cancer-enhancing activities
of the systemically active NT analogs should be carefully eval-
uated when considering IND-enabling studies for both acute
and chronic indications. One possible strategy to mitigate the
safety-related undesirable activities is to generate and exam-
ine highly subtype-selective NT agonists for NTS1, NTS2, and
NTS3, or for speciﬁc receptor heterodimers (our preliminary
efforts to generate peptoid-based analogs of Contulakin-G with
more selectivity toward NTS2 suggested a loss of the agonist
activities of the hybrid analogs at concentrations up to 3 μM,
unpublished data).
Our SAR and computational modeling data suggested that
differences between Contulakin-G and NT as agonists can
be accounted for, in large part, by the presence of glyco-
sylation. Glycosylation of neuropeptides is rather uncommon
post-translational modiﬁcation, as compared to larger polypep-
tides and proteins. Contulakin-G from a marine cone snail,
bradykinin from wasps and somatostatin from a catﬁsh are three
known examples of naturally glycosylated neuropeptides tar-
geting GPCRs (Yoshida et al., 1976; Rocchi et al., 1987; Gobbo
et al., 1992; Piek et al., 1993; Craig et al., 1999; Chen et al.,
2000). All three peptides share similar glycosylation pattern:
O-glycosylated threonine with a galactosamine-galactose moi-
ety, β-D-Gal-(1→3)-α-D-GalNAc-(1→) Thr, also found in
Thomsen-Freidenreich antigens (TF-antigens) expressed on a sur-
face of cancer cells (van den Akker et al., 1996; Gambert and
Thiem, 1997; Glinsky et al., 2001; Siebert et al., 2002; Kunz,
2003). Our modeling study predicted that the presence of the
glycoamino acid signiﬁcantly decreased the free binding energy
to neurotensin receptor, also affecting electrostatic interactions
between the peptide and receptors. It is tempting to hypothesize
here that despite weakening interactions with the target recep-
tors [to make a prey ﬁsh more sluggish as a part of “nirvana”
cabal (Olivera, 1997; Olivera et al., 1999)], the glycosylation of
Contulakin-G offers an evolutionary advantage for C. geogra-
phus, due to protecting this secreted peptide from metabolic
degradation.
This work opens new opportunities in engineering NT-based
analogs with varying abilities to modulate agonist-induced desen-
sitization of neurotensin receptors, a well-characterized phe-
nomenon that has been shared by GPCRs including neurotensin
receptors (Vincent et al., 1999; Pelaprat, 2006). In our study, we
employed HT29 cells endogenously expressing NTS1 receptors
which activation results in the calcium mobilization and stimulat-
ing inositol triphosphate pathways (Amar et al., 1986; Turner et al.,
1990). The trafﬁcking of NTS1-NT complex varies according to a
cell type, as well as time of exposure to the agonists (Vandenbulcke
et al., 2000; Souaze, 2001; Mazella and Vincent, 2006). Short-term
(minutes) exposure to NT, such as that applied in our experi-
ments, caused the receptor activation, uncoupling of NTS1 from
G proteins, binding to β-arrestin, then endocytosis (Souaze and
Forgez, 2006). Noteworthy, a chronic exposure of NTS1 to high
concentrations of an agonist had different effects; 6 h exposure
to 100 nM of the agonist JMV449 signiﬁcantly upregulated levels
of NTS1 mRNA. After 48 h, the cells maintained a high level of
125I-NT-binding sites, only approximately twofold lower as com-
pared to that of the unchallenged cells (Souaze et al., 1997; Souaze
and Forgez, 2006). Our current work conﬁrmed that short-term
exposure to weaker agonists may result in less desensitization of
GPCRs (Clark et al., 1999). Noteworthy, at the highest concen-
trations of Contulakin-G (∼30-fold EC50), neurotensin receptors
were internalized (Figure 3C). Based on the computer model-
ing data we hypothesize that additional SAR study focused on
Lys12 may identify analogs with even less desensitizing properties.
Several analogs of Contulakin-G studied here already produced
differences of several orders of magnitude with respect to uncou-
pling the agonist and desensitization potencies. Our SAR results,
while limited, suggest that desensitization of neurotensin recep-
tors can be signiﬁcantly uncoupled from the agonist potencies, and
that substitutions in charged amino acid residues in NT analogs
are attractive sites to engineer agonists with diverse desensitization
potencies. These opportunities are supported by other ﬁndings,
where MAS receptor ligands were reported to induce less desen-
sitization (Tirupula et al., 2014). Non-desensitizing properties for
agonist-based drug leads have direct relevance to their pharmaco-
logical properties, as exempliﬁed by β2-agonists (Duringer et al.,
2009) or salvinorin A (Groer et al., 2007; Cunningham et al.,
2011).
In conclusion, Contulakin-G is a marine glycopeptide with
analgesic properties by being a metabolically stable and weaker
than NT agonist of neurotensin receptors, resulting in prolonged
half-life and circulation while inducing signiﬁcantly less desensi-
tization of the cell-surface receptors. The analog of Contulakin-G
in which the glycosylated residue was replaced by memantine had
comparable agonist potency and weaker desensitization proper-
ties as compared to that of Contulakin-G, also producing analgesic
activity following systemic administration. Our structure-activity
relationship and computer modeling studies suggested that the
replacements of the charged and glycoamino acid residues in
Contulakin-G may lead to the systemically active NT analogs
with diverse potencies for activating and desensitizing neurotensin
receptors.
ACKNOWLEDGMENTS
We would like to thank many colleagues, including Drs. Min-
min Zhang, Joanna Gajewiak, Brian Fiedler, Brian Klein, Charles
Robertson, Hui Wang, and Doju Yoshikami, who contributed
to this work with experiments, support and helpful discussions.
We also thank reviewers for their helpful comments and sug-
gestions. GB would like to express special gratitude to Doju
Yoshikami for life-lasting lessons on research, including how to
joyfully study conopeptides. This work was supported by grants
PO1 GM48677 and U01 NS 066991 from the National Institute
www.frontiersin.org February 2015 | Volume 6 | Article 11 | 9
Lee et al. Contulakin-G is analgesic targeting neurotensin receptors
of Health. HSW acknowledges support from N01-NS-4-2359. RB
acknowledges support from the startup funds from the Depart-
ment of Medicinal Chemistry and the generous support from
Center for High Performance Computing (CHPC) at Univer-
sity of Utah and computing allocation at the Extreme Science
and Engineering Discovery Environment (XSEDE) supercomput-
ers (award TG-CHE120086). XSEDE is supported by National
Science Foundation grant number OCI-1053575.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fphar.2015.00011/
abstract
REFERENCES
Alifano, M., Souaze, F., Dupouy, S., Camilleri-Broet, S., Younes, M., Ahmed-Zaid, S.,
et al. (2010). Neurotensin receptor 1 determines the outcome of non-small cell
lung cancer. Clin. Cancer Res. 16, 4401–4410. doi: 10.1158/1078-0432.CCR-10-
0659
Allen, J., Hofer, K., McCumber, D., Wagstaff, J., Layer, R., McCabe, R., et al.
(2007). An assessment of the antinociceptive efﬁcacy of intrathecal and epidu-
ral Contulakin-G in rats and dogs. Anesth. Analg. 104, 1505–1513. doi:
10.1213/01.ANE.0000219586.65112.FA
al-Rodhan, N., Richelson, E., Gilbert, J., McCormick, D., Kanba, K., Pfenning, M.,
et al. (1991). Structure-antinociceptive activity of neurotensin and some novel
analogues in the periaqueductal gray region of the brainstem. Brain Res. 557,
227–235. doi: 10.1016/0006-8993(91)90139-M
Amar, S., Kitabgi, P., and Vincent, J. P. (1986). Activation of phosphatidyli-
nositol turnover by neurotensin receptors in the human colonic adenocar-
cinoma cell line HT29. FEBS Lett. 201, 31–36. doi: 10.1016/0014-5793(86)
80565-8
Berensen, H. J. C., Postma, J. P. M., van Gunsteren, W., DiNola, A., and Haak, J. R.
(1984). Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81,
3684. doi: 10.10.1063/1.448118
Boules, M., Fredrickson, P., Muehlmann, A., and Richelson, E. (2014). Elucidating
the role of neurotensin in the pathophysiology and management of major mental
disorders. Behav. Sci. 4, 125–153. doi: 10.3390/bs4020125
Boules, M., Fredrickson, P., and Richelson, E. (2006). Bioactive analogs
of neurotensin: focus on CNS effects. Peptides 27, 2523–2533. doi:
10.1016/j.peptides.2005.12.018
Boules, M., Li, Z., Smith, K., Fredrickson, P., and Richelson, E. (2013). Diverse roles
of neurotensin agonists in the central nervous system. Front. Endocrinol. 4:36.
doi: 10.3389/fendo.2013.00036
Case, D., Darden, T., Cheatham, T. III, Simmerling, C., Wang, J., Duke, R., et al.
(2012). AMBER12. University of California, San Francisco, CA.
Case, D., and Kollman, P. (2012). AmberTools 12. Available at:
http://ambermd.org/doc12/Amber12.pdf
Chen, L., Jensen, K., Tejbrant, J., Taylor, J., Morgan, B., and Barany, G. (2000).
Chemical synthesis and receptor binding of catﬁsh somatostatin: a disulﬁde-
bridged beta-D-Galp-(1– > 3)-alpha-D-GalpNAc O-glycopeptide. J. Pept. Res.
55, 81–91. doi: 10.1034/j.1399-3011.2000.00154.x
Clark, R., Knoll, B., and Barber, R. (1999). Partial agonists and G protein-coupled
receptor desensitization. Trends Pharmacol. Sci. 20, 279–286. doi: 10.1016/S0165-
6147(99)01351-6
Craig, A., Grifﬁn, D., Olivera, B.,Watkins, M., Hillyard, D., Imperial, J., et al. (2002).
Contulakin-G, Analogs thereof and Uses thereof, (US Patent 6,489,298), University
of Utah Research Foundation, USA.
Craig, A. G., Norberg, T., Grifﬁn, D., Hoeger, C., Akhtar, M., Schmidt, K., et al.
(1999). Contulakin-G, an O-glycosylated inverterate neurotensin. J. Biol. Chem.
274, 13752–13750. doi: 10.1074/jbc.274.20.13752
Cunningham, C., Rothman, R., and Prisinzano, T. E. (2011). Neuropharmacology
of the naturally occurring kappa-opioid hallucinogen salvinorin A. Pharmacol.
Rev. 63, 316–347. doi: 10.1124/pr.110.003244
Darden, T., York, D., and Pedersen, L. (1993). Particle mesh Ewald: an N(dot)log(N)
method for Ewald sums in large systems. J. Chem. Phys. 98, 10089–10092. doi:
10.1063/1.464397
Demeule, M., Beaudet, N., Regina, A., Besserer-Offroy, E., Murza, A., Tetreault, P.,
et al. (2014). Conjugation of a brain-penetrant peptide with neurotensin pro-
vides antinociceptive properties. J. Clin. Invest. 124, 1199–1213. doi: 10.1172/JC
I70647
Devader, C., Beraud-Dufour, S., Coppola, T., and Mazella, J. (2013). The anti-
apoptotic role of neurotensin. Cells 2, 124–135. doi: 10.3390/cells2010124
Di Fruscia, P., He, Y., Koenig, M., Tabrizifard, S., Nieto, A., McDon-
ald, P., et al. (2014). The discovery of indole full agonists of the neu-
rotensin receptor 1 (NTSR1). Bioorg. Med. Chem. Lett. 24, 3974–3978. doi:
10.1016/j.bmcl.2014.06.033
Dobner, P. R. (2005). Multitasking with neurotensin in the central nervous system.
Cell Mol. Life Sci. 62, 1946–1963. doi: 10.1007/s00018-005-5128-x
Dobner, P. R. (2006). Neurotensin and pain modulation. Peptides 27, 2405–2414.
doi: 10.1016/j.peptides.2006.04.025
Dupouy, S., Viardot-Foucault, V., Alifano, M., Souaze, F., Plu-Bureau, G.,
Chaouat, M., et al. (2009). The neurotensin receptor-1 pathway contributes to
human ductal breast cancer progression. PLoS ONE 4:e4223. doi: 10.1371/jour-
nal.pone.0004223
Duringer, C., Grundstrom, G., Gurcan, E., Dainty, I., Lawson, M., Korn, S., et al.
(2009). Agonist-speciﬁc patterns of beta 2-adrenoceptor responses in human
airway cells during prolonged exposure. Br. J. Pharm. 158, 169–179. doi:
10.1111/j.1476-5381.2009.00262.x
Egloff, P., Hillenbrand, M., Klenk, C., Batyuk, A., Heine, P., Balada, S., et al. (2014).
Structure of signaling-competent neurotensin receptor 1 obtained by directed
evolution in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 111, E655–E662. doi:
10.1073/pnas.1317903111
Einsiedel, J., Held, C., Hervet, M., Plomer, M., Tschammer, N., Hubner, H.,
et al. (2011). Discovery of highly potent and neurotensin receptor 2 selective
neurotensin mimetics. J. Med. Chem. 54, 2915–2923. doi: 10.1021/jm200006c
Falciani, C., Brunetti, J., Lelli, B., Accardo, A., Tesauro, D., Morelli, G., et al. (2013a).
Nanoparticles exposing neurotensin tumor-speciﬁc drivers. J. Pept. Sci. 19, 198–
204. doi: 10.1002/psc.2493
Falciani, C., Brunetti, J., Lelli, B., Ravenni, N., Lozzi, L., Depau, L., et al. (2013b).
Cancer selectivity of tetrabranched neurotensin peptides is generated by simul-
taneous binding to sulfated glycosaminoglycans and protein receptors. J. Med.
Chem. 56, 5009–5018. doi: 10.1021/jm400329p
Falciani, C., Brunetti, J., Pagliuca, C., Menichetti, S., Vitellozzi, L., Lelli, B., et al.
(2010). Design and in vitro evaluation of branched peptide conjugates: turning
nonspeciﬁc cytotoxic drugs into tumor-selective agents. ChemMedChem 5, 567–
574. doi: 10.1002/cmdc.200900527
Gambert, U., and Thiem, J. (1997). Chemoenzymatic synthesis of the
Thomsen-Friedenreich antigen determinant. Carbohyd. Res. 299, 85–89. doi:
10.1016/S0008-6215(96)00324-2
Glinsky, V., Glinsky, G., Rittenhouse-Olson, K., Huﬂejt, M., Glinskii, O., Deutscher,
S., et al. (2001). The role of Thomsen-Friedenreich antigen in adhesion of
human breast and prostate cancer cells to the endothelium. Cancer Res. 61,
4851–4857.
Gobbo, M., Biondi, L., Filira, F., Scolaro, B., Rocchi, R., and Piek, T. (1992).
Synthesis and biological activity of the mono- and di-galactosyl-vespulakinin
1 analogues. Int. J. Pept. Protein Res. 40, 54–61. doi: 10.1111/j.1399-3011.1992.tb
00104.x
Gotz, A., Williamson, M., Xu, D., Poole, D., Le Grand, S., and Walker, R. C. (2012).
Routine microsecond molecular dynamics simulations with AMBER on GPUs.
1. Generalized born. J. Chem. Theory Comput. 8, 1542–1555. doi: 10.1021/ct2
00909j
Green, B., White, K., McDougle, D., Zhang, L., Klein, B., Scholl, E., et al. (2010).
Introduction of lipidization-cationizationmotifs affords systemically bioavailable
neuropeptide Y and neurotensin analogs with anticonvulsant activities. J. Pept.
Sci. 16, 486–495. doi: 10.1002/psc.1266
Groer, C., Tidgewell, K., Moyer, R., Harding, W., Rothman, R., Prisinzano, T.,
et al. (2007). An opioid agonist that does not induce mu-opioid receptor-arrestin
interactions or receptor internalization. Mol. Pharmacol. 71, 549–557. doi:
10.1124/mol.106.028258
Gui, X., Carraway, R., and Dobner, P. R. (2004). Endogenous neurotensin facilitates
visceral nociception and is required for stress-induced antinociception in mice
and rats. Neuroscience 126, 1023–1032. doi: 10.1016/j.neuroscience.2004.04.034
Han, T., Teichert, R., Olivera, B., and Bulaj, G. (2008). Conus venoms – a rich
source of peptide-based therapeutics. Curr. Pharm. Des. 14, 2462–2479. doi:
10.2174/138161208785777469
Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery February 2015 | Volume 6 | Article 11 | 10
Lee et al. Contulakin-G is analgesic targeting neurotensin receptors
Hanson, G., Hoonakker, A., Robson, C., McFadden, L., Frankel, P., and Alburges,
M. E. (2013). Response of neurotensin basal ganglia systems during extinction
of methamphetamine self-administration in rat. J. Pharmacol. Exp. Ther. 346,
173–181. doi: 10.1124/jpet.113.205310
Held, C., Plomer, M., Hubner, H., Meltretter, J., Pischetsrieder, M., and
Gmeiner, P. (2013). Development of a metabolically stable neurotensin
receptor 2 (NTS2) ligand. ChemMedChem 8, 75–81. doi: 10.1002/cmdc.
201200376
Hershberger, P., Hedrick, M., Peddibhotla, S., Mangravita-Novo, A., Gosalia, P., Li,
Y., et al. (2014). Imidazole-derived agonists for the neurotensin 1 receptor. Bioorg.
Med. Chem. Lett. 24, 262–267. doi: 10.1016/j.bmcl.2013.11.026
Jorgensen, W., Chandrasekhar, J., Madura, J., Impey, R., and Klein, M. L. (1983).
Comparison of simple potential functions for simulating liquid water. J. Chem.
Phys. 79, 926–935. doi: 10.1063/1.445869
Joung, I., and Cheatham, T. III. (2008). Determination of alkali and halide mono-
valent ion parameters for use in explicitly solvated biomolecular simulations.
J. Phys. Chem. 112, 9020–9041. doi: 10.1021/jp8001614
Keiser, A., Matazel, K., Esser, M., Feifel, D., and Prus, A. J. (2014). Systemic adminis-
tration of the neurotensin nts1-receptor agonist pd149163 improves performance
on a memory task in naturally deﬁcient male brown norway rats. Exp. Clin.
Psychopharmacol. 22, 541–547. doi: 10.1037/a0037912
Kern, S., Allen, J.,Wagstaff, J., Shafer, S., andYaksh, T. (2007). The pharmacokinetics
of the conopeptide Contulakin-G (CGX-1160) after intrathecal administration:
an analysis of data from studies in beagles. Anesth. Anal. 104, 1514–1520. doi:
10.1213/01.ane.0000262038.58546.e6
Kleczkowska, P., and Lipkowski, A. W. (2013). Neurotensin and neurotensin recep-
tors: characteristic, structure-activity relationship, and painmodulation-a review.
Eur. J. Pharmacol. 716, 54–60. doi: 10.1016/j.ejphar.2013.03.004
Kunz, H. (2003). Synthetic glycopeptides for the development of tumour-selective
vaccines. J. Pept. Sci. 9, 563–573. doi: 10.1002/psc.477
Lee, H., Zhang, L., Smith, M., White, H., and Bulaj, G. (2009). Glyco-
sylated neurotensin analogues exhibit sub-picomolar anticonvulsant potency
in a pharmacoresistant model of epilepsy. ChemMedChem 4, 400–405. doi:
10.1002/cmdc.200800421
Massova, I., and Kollman, P. A. (2000). Combined molecular mechanical and con-
tinuum solvent approach (MM-PBSA/GBSA) to predict ligand binding. Perspect.
Drug Discov. Des. 18, 113–135. doi: 10.1023/A:1008763014207
Mazella, J., Beraud-Dufour, S., Devader, C., Massa, F., and Coppola, T. (2012). Neu-
rotensin and its receptors in the control of glucose homeostasis. Front. Endocrinol.
3:143. doi: 10.3389/fendo.2012.00143
Mazella, J., andVincent, J. P. (2006). Internalization and recycling properties of neu-
rotensin receptors. Peptides 27, 2488–2492. doi: 10.1016/j.peptides.2006.02.012
Miller, B., McGee, T., Swails, J., Homeyer, N., Gohlke, H., and Roitberg, A. E. (2012).
MMPBSA.py: an efﬁcient program for end-state free energy calculations. J. Chem.
Theory Comput. 8, 3314–3321. doi: 10.1021/ct300418h
Miyamoto, S., and Kollman, P. A. (1992). Settle: an analytical version of the SHAKE
and RATTLE algorithm for rigid water models. J. Comput. Chem. 13:952–962.
doi: 10.1002/jcc.540130805
Moreira, I., Fernandes, P., and Ramos,M. J. (2010). Protein–protein docking dealing
with the unknown. J. Comput. Chem. 31, 317–342. doi: 10.1002/jcc.21276
Nemeroff, C., Levant, B., Myers, B., and Bissette. G. (1992). Neurotensin, antipsy-
chotic drugs, and schizophrenia. Basic Clin. Stud. Ann. N. Y. Acad. Sci. 668,
146–156. doi: 10.1111/j.1749-6632.1992.tb27346.x
Olivera, B. M. (1997). E. E. Just Lecture, 1996. Conus venom peptides, receptor and
ion channel targets, and drug design: 50 million years of neuropharmacology.
Mol. Biol. Cell 8, 2101–2109. doi: 10.1091/mbc.8.11.2101
Olivera, B., Cruz, L., and Yoshikami, D. (1999). Effects of Conus peptides on
the behavior of mice. Curr. Opin. Neurobiol. 9, 772–777. doi: 10.1016/S0959-
4388(99)00033-1
Pastor, R., Brooks, B., and Szabo, A. (1988). An analysis of the accuracy of
Langevin and molecular dynamics algorithms. Mol. Phys. 65, 1409–1419. doi:
10.1080/00268978800101881
Peddibhotla, S., Hedrick, M., Hershberger, P., Maloney, P., Li, Y., Milewski, M., et al.
(2013). Discovery of ML314, a brain penetrant non-peptidic beta-arrestin biased
agonist of the neurotensin NTR1 receptor. ACS Med. Chem. Lett. 4, 846–851. doi:
10.1021/ml400176n
Pelaprat, D. (2006). Interactions between neurotensin receptors and G proteins.
Peptides 27, 2476–2487. doi: 10.1016/j.peptides.2006.04.027
Piek, T., Hue, B., Le Corronc, H., Mantel, P., Gobbo, M., and Rocchi, R. (1993).
Presynaptic block of transmission in the insect cns by mono- and di-galactosyl
analogues of vespulakinin 1, a wasp (Paravespula maculifrons) venom neuro-
toxin. Comput. Biochem. Physiol. 105, 189–196. doi: 10.1016/0742-8413(93)
90193-O
Rocchi, R., Biondi, L., Filira, F., and Scolaro, B. (1987). Synthesis, conformation, and
biological activity of the carbohydrate-free vespulakinin 1. Int. J. Pept. Protein
Res. 30, 240–256. doi: 10.1111/j.1399-3011.1987.tb03332.x
Roussy, G., Dansereau, M., Dore-Savard, L., Belleville, K., Beaudet, N., Richelson,
E., et al. (2008). Spinal NTS1 receptors regulate nociceptive signaling in a rat
formalin tonic pain model. J. Neurochem. 105, 1100–1114. doi: 10.1111/j.1471-
4159.2007.05205.x
Schrödinger, L. (2012) Schrödinger Suite 2012. New York
Siebert, H., Lu, S., Frank, M., Kramer, J., Wechselberger, R., Joosten, J., et al.
(2002). Analysis of protein-carbohydrate interaction at the lower size limit of
the protein part (15-mer peptide) by NMR spectroscopy, electrospray ionization
mass spectrometry, and molecular modeling. Biochemistry 41, 9707–9717. doi:
10.1021/bi02891x
Souaze, F. (2001). Maintaining cell sensitivity to G-protein coupled receptor ago-
nists: neurotensin and the role of receptor gene activation. J. Neuroendocrinol. 13,
473–479. doi: 10.1046/j.1365-2826.2001.00658.x
Souaze, F., Dupouy, S., Viardot-Foucault, V., Bruyneel, E., Attoub, S., Gespach,
C., et al. (2006). Expression of neurotensin and NT1 receptor in human breast
cancer: a potential role in tumor progression. Cancer Res. 66, 6243–6249. doi:
10.1158/0008-5472.CAN-06-0450
Souaze, F., and Forgez, P. (2006). Molecular and cellular regulation of neurotensin
receptor under acute and chronic agonist stimulation. Peptides 27, 2493–2501.
doi: 10.1016/j.peptides.2006.04.029
Souaze, F., Rostene, W., and Forgez, P. (1997). Neurotensin agonist induces
differential regulation of neurotensin receptor mRNA. Identiﬁcation of dis-
tinct transcriptional and post-transcriptional mechanisms. J. Biol. Chem. 272,
10087–10094. doi: 10.1074/jbc.272.15.10087
Tirupula, K., Desnoyer, R., Speth, R., and Karnik, S. S. (2014). Atypical signaling
and functional desensitization response of MAS receptor to peptide ligands. PLoS
ONE 9:e103520. doi: 10.1371/journal.pone.0103520
Turner, J., James-Kracke, M., and Camden, J. M. (1990). Regulation of the
neurotensin receptor and intracellular calcium mobilization in HT29 cells.
J. Pharmacol. Exp. Ther. 253, 1049–1056.
van den Akker, F., Steensma, E., and Hol, W. G. (1996). Tumor marker
disaccharide D-Gal-beta 1, 3-GalNAc complexed to heat-labile entero-
toxin from Escherichia coli. Protein Sci. 5, 1184–1188. doi: 10.1002/pro.
5560050621
Vandenbulcke, F., Nouel, D., Vincent, J., Mazella, J., and Beaudet, A. (2000).
Ligand-induced internalization of neurotensin in transfected COS-7 cells: dif-
ferential intracellular trafﬁcking of ligand and receptor. J. Cell Sci. 113(Pt 17),
2963–2975.
Vincent, J., Mazella, J., and Kitabgi, P. (1999). Neurotensin and neurotensin recep-
tors. Trends Pharmacol. Sci. 20, 302–309. doi: 10.1016/S0165-6147(99)01357-7
Wagstaff, J., Layer, R., Smith, L., Bulaj, G., Wei, S., Nielsen, J., et al. (2000).
“Glycosylation is critical for the pharmacologic properties of contulakin, a
potent, broad-spectrum analgesic conopeptide,” in Proceedings of the 30th Annual
Meeting, Society for Neuroscience, New Orleans, LA.
Westerlind, U., and Norberg, T. (2006). Chemical synthesis of analogs of the
glycopeptide contulakin-G, an analgetically active conopeptide from Conus
geographus. Carbohydr. Res. 341, 9–18. doi: 10.1016/j.carres.2005.11.010
White, J., Noinaj, N., Shibata, Y., Love, J., Kloss, B., Xu, F., et al. (2012). Struc-
ture of the agonist-bound neurotensin receptor. Nature 490, 508–513. doi:
10.1038/nature11558
Wu, Z., Martinez-Fong, D., Tredaniel, J., and Forgez, P. (2013). Neurotensin and its
high afﬁnity receptor 1 as a potential pharmacological target in cancer therapy.
Front. Endocrinol. 3:184. doi: 10.3389/fendo.2012.00184
Wustrow, D. J., Davis, M. D., Akunne, H. C., Corbin, A. E., Wiley, J. N.,
Wise, L. D., et al. (1995). Reduced amide bond neurotensin 8–13 mimet-
ics with potent in vivo activity. Bioorg. Med. Chem. Lett. 5, 997–1002. doi:
10.1016/0960-894X(95)00155-M
Yoshida, H., Geller, R., and Pisano, J. J. (1976). Vespulakinins: new
carbohydrate-containing bradykinin derivatives. Biochemistry 15, 61–64. doi:
10.1021/bi00646a010
www.frontiersin.org February 2015 | Volume 6 | Article 11 | 11
Lee et al. Contulakin-G is analgesic targeting neurotensin receptors
Younes, M., Wu, Z., Dupouy, S., Lupo, A., Mourra, N., Takahashi, T.,
et al. (2014). Neurotensin (NTS) and its receptor (NTSR1) causes EGFR,
HER2 and HER3 over-expression and their autocrine/paracrine activation
in lung tumors, conﬁrming responsiveness to erlotinib. Oncotarget 5,
8252–8269.
Zhang, L., Lee, H., Pruess, T., White, H., and Bulaj, G. (2009). Synthesis and
applications of polyamine amino acid residues: improving the bioactivity of
an analgesic neuropeptide, neurotensin. J. Med. Chem. 52, 1514–1517. doi:
10.1021/jm801481y
Zhang, Y., Zhu, S., Yi, L., Liu, Y., and Cui, H. (2014). Neurotensin receptor1 antago-
nist SR48692 reduces proliferation by inducing apoptosis and cell cycle arrest in
melanoma cells. Mol. Cell Biochem. 389, 1–8. doi: 10.1007/s11010-013-1920-3
Conflict of Interest Statement: Grzegorz Bulaj and H. Steve White are scientiﬁc
cofounders of NeuroAdjuvants Inc., BaldomeroM.Olivera and J.MichaelMcIntosh
are scientiﬁc founders of Cognetix Inc.
Received: 14 November 2014; paper pending published: 10 December 2014; accepted:
12 January 2015; published online: 10 February 2015.
Citation: Lee H-K, Zhang L, Smith MD, Walewska A, Vellore NA, Baron R, McIntosh
JM, White HS, Olivera BM and Bulaj G (2015) A marine analgesic peptide,
Contulakin-G, and neurotensin are distinct agonists for neurotensin receptors: uncov-
ering structural determinants of desensitization properties. Front. Pharmacol. 6:11.
doi: 10.3389/fphar.2015.00011
This article was submitted to Experimental Pharmacology and Drug Discovery, a
section of the journal Frontiers in Pharmacology.
Copyright © 2015 Lee, Zhang, Smith, Walewska, Vellore, Baron, McIntosh, White,
Olivera and Bulaj. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery February 2015 | Volume 6 | Article 11 | 12
